Gustatory stimuli, such as sugar, induce a behavioral response in Drosophila that involves extension of the proboscis and consumption of the sugar-containing solution. Addition of salt to the sugar solution inhibits this behavioral response. However, the mechanisms and gene products involved in the salt aversion response have not been described. Here, we report the identification of a locus, defective proboscis extension response (dpr), that is required for salt aversion. dpr was expressed in a subset of primary neurons in the gustatory organs and encoded a protein with two Ig-like domains, a single putative transmembrane domain, and a short region C terminal to the transmembrane segment. In addition, DPR defines a large previously unknown group of Ն20 highly related Ig-containing proteins.
Gustatory organs are specialized sensory structures that function in the detection of soluble chemicals and are associated predominately with feeding (for review, see Kinnamon and Margolskee, 1996) . In mammals, the gustatory organs (taste buds) are located on the epithelium of the tongue and soft palate. In Drosophila, gustatory organs, referred to as taste sensilla, are situated at many sites, including the labelum (a portion of the proboscis), pharynx, legs, wing margins, and female genitalia (Stocker, 1994; Singh, 1997; Shanbhag et al., 2001) . Each taste sensillum contains a bristle that is innervated by one mechanosensory and four chemosensory neurons (Stocker, 1994) .
Despite the differences in the morphology and distribution of the gustatory organs in mammals and Drosophila, there are some parallels between vertebrate and fly taste perception. Vertebrate taste receptors respond to a broad range of compounds, which comprise four or five classes of tastants (Lindemann, 1996) . As is the case with vertebrates, Drosophila can also distinguish the four primary types of tastants: sweet, sour, salt, and bitter (Singh, 1997) . Moreover, structurally similar families of putative sweet and bitter chemoreceptors are expressed in mammalian taste buds Chandrashekar et al., 2000; Chaudhari et al., 2000; Matsunami et al., 2000; Max et al., 2001; Montmayeur et al., 2001; Nelson et al., 2001; Sainz et al., 2001) and Drosophila taste organs (Clyne et al., 2000; Ishimoto et al., 2000; Dunipace et al., 2001; Scott et al., 2001; Ueno et al., 2001) .
Other than the taste receptors, little is known concerning the molecules and molecular mechanisms underlying behavioral responses to gustatory stimuli. In particular, the molecular mechanisms by which an animal integrates its response to two or more types of tastants is not understood. Although animals are attracted by sweet compounds, the addition of high concentrations of salt to a sweet-containing solution evokes a negative reaction. In Drosophila, the salt response is mediated by two of the chemosensory neurons in the taste sensilla (Falk et al., 1976; Fujishiro et al., 1984; Arora et al., 1987) . However, the mechanisms and gene products that are required for integrating the inhibitory salt response with the stimulatory sugar response have not been described.
In the current work, we describe the defective proboscis extension response (dpr) locus, which is characterized by a reduced inhibitory response to salt. We identified the dpr gene and found that it encoded a protein with a single predicted transmembrane segment and two Ig repeats. The DPR gene product was expressed in a subset of sensory neurons of the gustatory system and appears to define a new subfamily of proteins with Ig repeats.
MATERIALS AND METHODS
Genetics, fly stock s, and germline transformation. Fly culture and crosses were performed according to standard procedures. One of the P-element insertion lines generated in the Spradling laboratory [line PZ(2)6705] (Karpen and Spradling, 1992) was identified by screening for defects in fast phototaxis using the Benzer counter-current apparatus (Benzer, 1967) . Subsequent to the primary screening, we found that PZ(2)6705 exhibited a defective salt aversion response. Genetic analyses revealed that PZ(2)6705 contained a second mutation independent of the P-element that failed to complement hdc, a locus shown previously to be required for the visual response (Burg et al., 1993) . We segregated the P-element and hdc by recombination and demonstrated that the P-element was solely responsible for the gustatory phenotype (dpr 1R H ), and the hdc mutation caused the defect in phototaxis.
The dpr 1e5 and dpr 1e128 excision alleles were generated by crossing dpr 1 isolated among 72 ry Ϫ lines, all of which were homozygous viable, except for one that was semilethal. cn; ry 506 ; dpr ϩ was used as the wild-type control. The deficiency stock, Df(2R)AA21, was obtained from the Bloomington Stock C enter. The breakpoints are 56F9 -17 and 57D11-12.
The dpr-GA L4 line, dpr pGaw , was generated by conversion of the original P[lacZ] element with a P [GA L, w ϩ ] element using the targeted transposition strategy (Sepp and Auld, 1999) . The fly stock used as the source of the P[GA L, w ϩ ] element (C yO, PGaw) was obtained from K . Ito (Department of Developmental Biology, National Institute for Basic Biology, Okazaki, Japan) and the Nippon consortium. To screen for successf ul P-element conversion, dpr 1R H /C yO, PGaw; ⌬2-3/ϩ flies were crossed with UAS-EGFP flies, and Cy ϩ offspring were screened for green fluorescent protein (GFP) expression in the anterior wing margin. Insertion of the PGaw was confirmed by performing PCR and DNA sequencing of the genomic DNA. Seven lines contained a precise exchange of the PGaw element for the P [lacZ] . dpr PGaw showed a similar proboscis extension reflex (PER) phenotype as observed in dpr 1R H . The P[UAS-dpr] transgenic flies were generated by subcloning the f ull coding region of dpr into pUAST (Brand and Perrimon, 1993) . Transgenic flies were generated according to established protocols Spradling and Rubin, 1982) .
The poxn 70 -28 flies were provided by Dr. K imura (Awasaki and K imura, 1997) .
Proboscis e xtension response. The proboscis extension assay was performed as described by Deak (1976) with some modifications. Flies were starved overnight (16 hr) in a glass bottle containing moist cotton wool. The flies were then lightly anesthetized with C O 2 and mounted to an insect pin at the notum using a small drop of cyanoacrylate glue. After mounting, the flies were placed in a humid holding container for 1 hr before testing. Before the experiment, the flies were satiated with water to exclude a behavioral response to water stimulation alone (Shiraishi and Tanabe, 1974) . This was accomplished by allowing the flies to drink distilled water until no proboscis extension was elicited by water stimulation. Water satiation of the flies was subsequently checked frequently during the experiment. Flies were then tested for a PER by touching the labelum with one of several test solutions. The test solution was held to the appendage for 3 sec or until the fly extended its proboscis. The fly was observed for an additional 27 sec. If at any time during the 30 sec period the fly extended its proboscis, it was scored as giving a PER. Dethier et al. (1965) developed an arbitrary scale quantif ying proboscis extension on a scale of 0 (proboscis completely retracted) to 6 (proboscis f ully extended and labelar lobes flared). In our experiments, any extension to position 2 or farther was considered a PER. A period of 3 min was allowed between successive applications to avoid facilitation or adaptation of the response. After each application, the test stimulus was removed by touching the appendage with distilled water and drying it with a small piece of tissue paper.
R NA blots. Polyadenylated RNA was prepared from C anton S (wildtype) and dpr 1 flies, and 10 g of each sample was fractionated on 3% formaldehyde -0.8% agarose gels as described previously (Nakamura et al., 1994) . The RNAs were transferred to GeneScreen (PerkinElmer Life Sciences, Boston, M A) and probed with the dpr c6705-6 cDNA labeled with 32 P, and the filter was exposed for 2 weeks using Kodak X AR film (Eastman Kodak, Rochester, N Y) and a DuPont Cronex Lightning Plus intensif ying screen. The sizes of the dpr mRNA, in kilobases, were estimated using an RNA size marker (Bethesda Research Laboratories, Bethesda, MD). To determine whether similar amounts of sample were loaded in each lane, the filters were reprobed with the rp49 gene.
Isolation and sequencing of cDNA and genomic DNAs. A 1.7 kb DNA sequence flanking the 5Ј end of the dpr 6705 P-element was recovered by the plasmid rescue technique (Pirrotta, 1986) . This fragment was used to screen and identif y 6705 from a Charon4A genomic library (Maniatis et al., 1978) . The position of the P-element insert in 6705 was determined by a combination of Southern blotting, PCR amplification of the genomic DNA, and DNA sequencing. A 3.1 kb BamHI-XbaI 6705 fragment was used to screen an adult head Z AP cDNA library. Multiple cDNAs were identified, the longest of which, c6705-6 (3.25 kb), was sequenced. We screened the Charon4A genomic library using the c6705-6 cDNA as a probe and obtained two additional genomic clones, C39 and C2. A Drosophila P1 clone (DS02462) that covered the entire dpr coding region was obtained from the Berkeley Drosophila Genome Project (BDGP). The cytological position assigned to this P1 phage from the BDGP is 57B2-57B3.
Identification of the DPR-related proteins. The deduced amino acid sequences of DPR2-DPR20 (see Fig. 5 ) were identified by performing basic local alignment search tool (BL AST) (translated nucleotide database) searches of the BDGP database. The gene numbers were assigned in order of decreasing significance of the BL AST scores (E values). Table  1 lists the BDGP numbers, chromosomal map positions of the genes, and E values of the BL AST scores.
Preparation of anti-DPR antibodies. T wo DPR glutathione S-transferase (GST) f usion proteins were generated using the vector pGEX-KG (Guan and Dixon, 1991) : (1) a PCR fragment encoding residues 52-250 was inserted into the EcoRI and HindIII sites to create GST-DPR-S; and (2) a PCR fragment encoding residues 52-367 was inserted into the EcoRI and XhoI to create GST-DPR-L. The f usion proteins were partially purified by electroelution from SDSpolyacrylamide gels as described previously (Montell and Rubin, 1988) and introduced into rabbits (HRP Inc., Denver, PA). One of the two rabbits (#2) injected with GST-DPR-L (f usion #2) generated antiserum that specifically reacted against the bacterial DPR f usion protein. This crude antiserum was affinity purified as described previously (Pollard, 1984) . Briefly, 0.3 ml of the anti-DPR antiserum was absorbed onto nitrocellulose strips containing GST-DPR-L, and the antibodies were eluted with acetic acid, neutralized, and dialyzed. The final volume of affinity-purified anti-DPR antibodies was 1.5 ml.
Western blot anal ysis. Sixty adult fly heads were homogenized in 100 l of SDS sample loading buffer. The samples were boiled for 3 min, and 15 l of each sample solution was fractionated by SDS-PAGE and transferred to Immobilon (I PV H 304 FO; Millipore, Bedford, M A) membranes. The filters were blocked for 30 min at room temperature in 0.5% Boehringer Mannheim blocking reagent (catalog #1096 -176; Indianapolis, I N) diluted in Tris-buffered saline solution (TBS), pH 7.4, and then incubated overnight at 4°C with purified anti-DPR polyclonal antibody diluted 1:250 in TBS. The filters were then washed in TBS and incubated with anti-rabbit Ig HRP conjugate (NA9340; Amersham Biosciences, Arlington Heights, IL) diluted 1:2000. Signals were detected using the ECL Western blotting detection regent (RPN 2106; Amersham Biosciences) as described by the manufacturer.
Immunocytochemistry. Whole mounts of adult dissected thoracic ganglia and horizontal sections of adult frozen fly heads (8 -12 m) were fixed in 2% paraformaldehyde in PBS, pH 7.4, for 30 min at room temperature. After several washes in TBS, the tissues were incubated overnight at 4°C with primary antibodies diluted in TBS containing 0.03% Triton X-100 and 5% fetal calf serum (or 0.5% Boehringer Mannheim blocking reagent for DPR antibody). After washing several times in TBS, the specimens were incubated with secondary antibodies for 40 -60 min at room temperature diluted in the same buffer as for the primary antibodies. After several washes in TBS, Slow Fade (Molecular Probes, Eugene, OR) was added, and 
a coverslip was mounted. Confocal fluorescent images were obtained using a Zeiss (Oberkochen, Germany) LSM410 microscope. 
5-Bromo-4-chloro-3-indol yl-␤-D-galactopyranoside staining.
T wo-to 4-d-old dpr 1 /C yO heterozygotes were used for all experiments. Staining of the adult visual system was performed using 8 -12 m horizontal sections of adult frozen fly heads as described by Winberg et al. (1992) . 5-Bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal) staining on individual appendages was performed after dissection from flies in ice-cold PBS. To improve access of the fixative and staining solutions to the tissues, leg segments were cut into smaller pieces, and fine incisions were made in the wing margins. The isolated appendages were fixed in 1% glutaraldehyde in PBS for 20 min and rinsed three times in PBS. The appendages were transferred to a staining buffer (Hiromi et al., 1985) containing 0.1% Triton-X and incubated overnight at 37°C. After the rinses, the appendages were mounted in 80% glycerol in PBS and examined at 10-fold to 64-fold magnification.
RESULTS

Isolation of the taste mutant dpr
The defective proboscis extension response 1 (dpr 1 ) mutant was isolated from a collection of P-element insertion lines (line 6705; see Materials and Methods) and displayed a significant defect in salt but not sugar responsiveness. Canton S flies (a wild-type strain) respond to a test solution containing sucrose by extension of the proboscis and intake of the sugar (Falk and Atidia, 1975; Arora et al., 1987) . Application of sucrose to the labelum induced a PER in a concentration-dependent manner ( Fig. 1 A) . At the highest concentration of sucrose tested (0.1 M), ϳ80 -90% flies tested exhibited a PER (Fig. 1 A) . During addition of salt to the test solution, the sucrose-induced PER was inhibited ( Fig. 1 B) . The extend of this inhibition was proportional to the concentration of NaCl. Only ϳ30% of wild-type flies displayed a PER in the presence of 1 M NaCl and 0.1 M sucrose ( Fig. 1 B, C) (Falk and Atidia, 1975; Arora et al., 1987) . This represents a suppression of ϳ2.7-fold to 3-fold at the highest concentrations of NaCl.
In contrast to wild-type flies, we found that dpr 1 homozygotes showed a significant reduction in salt-mediated suppression of the sugar response. The proportion of dpr 1 homozygotes that extended their probosces in response to sucrose alone was similar to wild type over a 10,000-fold range of sucrose concentrations ( Fig.  1 A) . However, in contrast to the wild-type response to sucrose, which was suppressed ϳ2.7-fold to 3-fold by 1 M NaCl, the dpr 1 PER was reduced only slightly. Addition of 1 M NaCl to the test solution resulted in a reduction of the dpr 1 PER of only ϳ1.3-fold reduction ( Fig. 1 B, C) . These results indicate that the dpr 1 mutation affected the salt aversion response but not the response to sucrose. The dpr 1 mutation was recessive, because dpr 1 /ϩ flies exhibited a normal salt aversion response (data not shown).
The reduction in salt responsiveness, observed in dpr 1 homozygotes, also appeared to occur in combination with two other sugars tested, glucose and fructose. The percentage of dpr 1 /ϩ and dpr 1 flies that elicited a PER was similar in the presence of glucose alone (0.1 M) (83 Ϯ 16%, n ϭ 24 and 84 Ϯ 15%, n ϭ 28, respectively). However, in the presence of glucose plus 1 M NaCl, dpr 1 /ϩ flies showed a suppression of ϳ2.5-fold (83 Ϯ 16%, n ϭ 24 vs 33 Ϯ 26%, n ϭ 24), whereas the reduction in dpr 1 flies was ϳ1.6-fold (84 Ϯ 15%, n ϭ 28 vs 51 Ϯ 30%, n ϭ 28, respectively). The following stocks were analyzed: wild type (Canton S), dpr 1 homozygotes (dpr 1 ), dpr 1 in trans with a deficiency, Df(2R)AA21, which uncovers dpr 1 (dpr 1 /Df), and an excision allele of dpr 1 (dpr 1e x128 ). Twenty to 32 flies were analyzed for each stock.
Both dpr 1 /ϩ and dpr 1 flies displayed nearly identical PERs to fructose alone (0.1 M) (74 Ϯ 21%, n ϭ 24 and 74 Ϯ 19%, n ϭ 28, respectively), although the responses was slightly lower than with glucose or sucrose. However, 1 M NaCl caused a greater suppression of the fructose-induced response in dpr 1 /ϩ (Ͼ2.2-fold) (74 Ϯ 21%, n ϭ 24 and 33 Ϯ 23%, n ϭ 24, respectively) than in dpr 1 flies (1.6-fold) (74 Ϯ 19%, n ϭ 28 and 46 Ϯ 29%, n ϭ 28, respectively). Thus, the defect in salt-induced suppression of the PER in dpr 1 did not appear to be specific to sucrose.
The defect in the salt response in dpr 1 appeared to be attributable to the lacZ reporter P-element (Karpen and Spradling, 1992) , which inserted at 57B1-3. Flies containing the P-element in trans with a deficiency that spanned the insertion site showed reduced salt-induced suppression of the sugar response similar to the dpr 1 homozygote (Fig. 1C) . Furthermore, during mobilization of the P-element, a wild-type salt response was detected in seven of nine excision lines tested (Fig. 1C, dpr  1e x128 ).
dpr reporter expression associated with chemosensory sensilla
In the adult fly, taste organs are distributed in sensory organs (sensilla) on several body parts, including the labelum, legs, and wings (Stocker, 1994) . To determine the presumptive spatial distribution of dpr in the adult fly, we first examined the expression of the lacZ reporter gene within the P-element in dpr 1 /ϩ heterozygotes by staining either for ␤-galactosidase activity (lacZ activity) or using anti-␤-galactosidase antibodies. ␤-Galactosidase was restricted to the nucleus because it was expressed as a fusion protein that contained a nuclear localization sequence (Karpen and Spradling, 1992) .
We found that dpr reporter expression was associated with chemosensory (taste) and not mechanosensory organs. The chemosensory and mechanosensory organs on the wings and legs can be distinguished by the morphology of the bristles associated with each type of sensillum. The mechanosensory bristles are straight or gently curved and taper to a sharp point, whereas the chemosensory bristles are recurved and have a blunt tip attributable to the presence of a terminal transcuticular pore. On the anterior wing margins, there are three rows of bristles (Palka et al., 1979; Hartenstein and Posakony, 1989) , and the taste bristles are situated in the dorsal and ventral rows (Fig. 2 B, C, red and green arrows, respectively). We found that staining was associated with the bases of the recurved, blunt chemosensory bristles on the wings and the legs, whereas the bases of the mechanosensory bristles were unstained (Fig. 2 A) . In addition, staining was detected in the labial palps, which are the main taste organs situated near the distal end of the proboscis (Fig. 2 D) .
In addition to the gustatory bristles, dpr reporter expression was detected in other sensory neurons, such as photoreceptor cells and olfactory cells, and in neurons in the CNS. Adult Drosophila bear olfactory sensilla on the third segment of the antennae and on the maxillary palps. lacZ activity was not seen in the olfactory segment of the antenna but was present in the maxillary palp (data not shown). Expression of lacZ was observed in neuronal nuclei of the thoracic ganglion, brain, and optic lobes (Fig. 2 H-M ) . The cells expressing the ␤-galactosidase were a subset of cells stained with antibodies to the pan-neuronal marker ELAV (Robinow and White, 1991) (Fig. 2 I-M ) . Thus, dpr was expressed in a subset of neurons in the CNS. In the retina, the only lacZ-positive nuclei were situated in the proximal region closest to the lamina, a pattern consistent with a subset of R8 cells (Fig. 2 I) . No other retinal cells, including photoreceptor cells R1-R7, expressed lacZ. In addition, there was significant lacZ activity and anti-␤-galactosidase staining in the optic lobes (Fig. 2  H, I ). However, there was no obvious defect in the dpr visual response, because dpr mutant flies displayed normal phototaxis and the electroretinogram recording was indistinguishable from wild type (data not shown).
To obtain additional evidence that the dpr-expressing cells are associated with chemosensory bristles, it would be useful to determine whether the neuronal processes extend into the sensory bristles. However, the ␤-galactosidase reporter was restricted 70 -28 flies. H, Horizontal section of an adult fly head stained for lacZ activity. br, Brain; la, lamina; me, medulla; re, retina. I, Proximal region of the optic lobe and retina stained with anti-␤-galactosidase ( green) and anti-ELAV (red) antibodies. In the lamina cell layer, there were typically two dpr-positive cells in a single laminal cartridge (indicated by arrows). In the retina, staining was restricted to the R8 photoreceptor cells (indicated with the small arrow). la-c, Lamina cell body region; la-n, lamina neuropil region; me-c, medulla cell body region; me-n, medulla neuropil region; R8, nucleus of an R8 cell. to the nucleus and did not stain neuronal processes. Therefore, we expressed a cytoplasmic marker, the GFP, in dpr-positive cells using the GAL4/UAS system (Brand and Perrimon, 1993) . To generate a dpr-GAL4 line for directing expression of UAS-GFP, we replaced the dpr-P[lacZ] enhancer trap with a P[GAL4] element according to the P-element substitution technique (Sepp and Auld, 1999) .
We found that the GFP expressed in dpr-GAL4, UAS-GFP/ϩ flies showed a pattern of distribution similar to that of the lacZ reporter. GFP-positive neurons in the anterior wing margin (Fig.  3A--D) and legs (Fig. 3 E, F ) occurred in pairs, although some single GFP-positive neurons were detected in the labelum (Fig.  3G,H ) . Of significance here, many dendritic processes could be traced from these GFP-positive neurons to the bases of chemosensory bristles and, in some cases, all the way to their tips (Fig.  3C,D) . The numbers and morphology of GFP-positive neurons in dpr-GAL4, UAS-GFP homozygotes (Fig. 3 I, J ) were similar to the dpr-GAL4, UAS-GFP/ϩ heterozygotes. Given that the dpr-GAL4 homozygotes displayed the same defect in the salt aversion response as the dpr 1 flies (data not shown), these data suggest that the dpr 1 mutation did not eliminate or disrupt the gross morphology of those cells that express dpr. Evidence that the dpr lacZ and GFP reporters reflect the expression pattern of the DPR protein is presented below, using anti-DPR antibodies.
Finally, to confirm that the dpr reporter expression was detected in the chemosensory bristles, we followed a genetic approach that was used recently to demonstrate that candidate taste receptors are expressed in chemosensory bristles (Clyne et al., 2000; Dunipace et al., 2001 ). This strategy took advantage of a mutation in the pox-neuro ( poxn) locus, which results in the conversion of the recurved chemosensory bristles, such as those near the wing margins, into the more stout and straight mechanosensory bristles (Awasaki and Kimura, 1997) . We found that the lacZ staining was absent from the anterior wing margins and dramatically reduced near the distal end of the proboscis in flies homozygous for the poxn mutation and heterozygous for dpr 1 ( poxn 70 -28 , dpr 1 /poxn 70 -28 ) (Fig. 2F,G) . These results were not attributable to a general problem in lacZ staining in poxn 70 -28 , dpr 1 /poxn 70 -28 flies, because the level of lacZ staining in the CNS was similar to that observed in dpr 1 /ϩ flies (data not shown).
Identification of the dpr mRNA dpr 1 flies contained a single P-element, as determined by Southern blot analysis, which mapped to 57B1-3 on salivary gland polytene chromosomes (data not shown). To clone the dpr gene, we isolated genomic DNA flanking the P-element insertion site by the plasmid rescue technique. A 3.5 kb genomic sequence was obtained and used as a probe for screening genomic libraries. Several phage clones were subsequently isolated and used to generate a physical map (Fig. 4 A) . The genomic sequences released recently by Celera and the BDGP (Adams et al., 2000) were consistent with this physical map.
To identify a candidate dpr mRNA, DNA sequences flanking both sides of the P-element were used to screen cDNA libraries. Several related cDNAs were identified using genomic DNA adjacent to the 5Ј end of the P-element. The longest cDNA, c6705-6, was 3.25 kb and contained a complete open reading frame. The c6705-6 mRNA encoded eight exons spanning a 35 kb genomic region (Fig. 4 A) .
Four lines of evidence indicated that dpr was encoded by the 3.25 kb c6705-6 cDNA. First, the P-element insertion site was 23 nucleotides 5Ј to the end of the 6705-6 cDNA. Because the Figure 3 . Distribution and morphology of dpr-expressing cells examined using GFP. The GFP was expressed using the GAL4/UAS system and examined by confocal microscopy. A-H, GFP expression in dpr ϩ /dpr heterozygous flies (dpr-GAL4, UAS-dpr/ϩ). I, J, GFP expression in dpr homozygous flies (dpr-GAL4, UAS-dpr/dpr 1R H ). Tissues are oriented with the distal side to the right, except in G and H. c6705-6 cDNA was ϳ0.5 kb shorter than the 6705 RNA and the c6705-6 cDNA contained a poly(A ϩ ) tail, it appeared that the cDNA was truncated at the 5Ј end. Thus, the P-element may have inserted into an intron or exon in the 5Ј untranslated region. Second, we probed poly(A ϩ ) RNA prepared from wild-type and dpr 1 adults with the 3.25 kb cDNA and identified a single 3.8 kb mRNA in wild-type that was not observed in dpr 1 (Fig. 4 B) . In addition, a very weak RNA band of larger molecular weight was reproducibly detected in dpr 1 that was not observed in wild type (Fig. 4 B) . Third, the concentration of the 6705-6 protein was dramatically reduced and was barely detectable in dpr 1 (see below). Fourth, the dpr 1 phenotype was rescued in transgenic flies expressing the c6705-6 cDNA (dpr-GAL4; UAS-dpr). As expected, a similar proportion of dpr-GAL4; UAS-dpr and wild-type flies displayed a PER during exposure to 0.1 M sucrose alone (80 Ϯ 17%, n ϭ 35 and 76 Ϯ 15%, n ϭ 28, respectively). More importantly, nearly indistinguishable proportions of dpr-GAL4; UAS-dpr and wild type extended their probosces in response to a test solution containing both 0.1 M sucrose and 1 M NaCl (34 Ϯ 23%, n ϭ 35 and 32 Ϯ 19%, n ϭ 28, respectively).
Expression of dpr during the course of development was determined by probing an RNA blot containing poly(A ϩ ) RNA prepared during various stages of development. We found that dpr was expressed at the highest levels in the adult and in embryos (Fig. 4C) . However, we could not exclude that the dpr RNA was expressed at lower levels during larval and pupal development because we were not able to detect levels of dpr mRNA expression significantly lower than those shown (Fig. 4C) . Detection of the dpr signals detected in the embryos and adults required long exposure times with relatively large concentrations of poly(A ϩ ) RNA (see Materials and Methods).
dpr encodes a member of the Ig superfamily
The dpr cDNA contained a single large open reading frame of 367 amino acids. Analysis of the deduced amino acid sequence, according to the Kyte and Doolittle algorithm (Kyte and Doolittle, 1982) , suggested that DPR has two membrane-spanning domains (Fig. 4 D) . The hydrophobic region near the N terminus was predicted by the method of von Heijne to be a signal sequence with a cleavage site after residue 32 (Fig. 4 D) (Nielsen et al., 1997) . Thus, the DPR protein was predicted to consist, after cleavage, of an extracellular domain of ϳ245 amino acids, a single transmembrane domain (residues 276 -293), and an intracellular domain of ϳ75 amino acids (Fig. 4 D) .
Comparison with the protein databanks indicated that DPR contained two Ig motifs (Fig. 4 E) . Three types of Ig domains have been described (V, C1, and C2), based on the number of anti-parallel ␤-sheets, the distance between the conserved cysteine residues, and characteristic residues conserved within each class (Williams and Barclay, 1988; Brümmendorf and Rathjen, 1995) . The first Ig domain in DPR (Ig-I; amino acids 71-141) contained features similar to V-and C2-type domains, whereas the second Ig domain (Ig-II; amino acid 174 -247) most resembled the C2 class. These domains display similarity to a variety of proteins in vertebrates and invertebrates that are known to function or are expressed in the nervous system. These include Lachesin (Karlstrom et al., 1993) , a protein originally identified in the grasshopper, the Drosophila Klingon protein (Butler et al., 1997) , and the mammalian protein LAMP (limbic systemassociated membrane protein) (Pimenta et al., 1995) . Similarity was also found to many neural adhesion molecules, such as mouse N-CAM (Hemperly et al., 1986) and L1 (Moos et al., 1988) . However, the DPR Ig domains share Յ25% amino acid identity to Ig domains of these proteins.
Many molecules containing Ig domains also contain one or more type III fibronectin repeats, a motif 90 amino acids long that occurs many times in the extracellular adhesive protein fibronectin (Brümmendorf and Rathjen, 1993) . The region of DPR N terminal to the Ig domains was most related to five small fragments of type III fibronectin repeats. However, the first and The P-element is represented by the large inverted triangle. The site of insertion of the P-element is indicated by the vertical line connecting the inverted triangle to the genomic DNA. The orientation of the 5Ј and 3Ј ends of the P-element is indicated. The dpr exons, deduced by comparison of the cDNA and genomic sequences, are indicated by the black boxes below the genomic map. B, Expression of dpr RNA in wild type and dpr 1 . Ten micrograms of wild-type (w.t.) and dpr 1 polyadenylated RNA were fractionated on 3% formaldehyde-0.8% agarose gels, transferred to membranes, and probed with the c-6705-6 cDNA labeled with 32 P. Filters were reprobed with rp49 to ascertain whether the RNAs were comparably loaded in each lane. C, Developmental expression of dpr mRNA. Polyadenylated RNA was prepared after collecting embryos for 4 hr from the Canton S (wild-type) strain and incubating at 25°C for either 0 -16 hr (0 -20 hr embryos) or for 1, 2, 4, 6, 8, and 9 -10 d (adults). The 1, 2, and 4 d collections coincided approximately with the first, second, and third instar larval stages, and the 6 and 8 d collections corresponded approximately with the early and late pupal stages. Lanes were loaded as follows: lane 1, embryo RNA; lanes 2-6, contained RNA from samples prepared after 1, 2, 4, 6, and 8 d of development, respectively; lane 7, adult RNA. The size of the 3.8 kb mRNA was estimated based on the migration of RNA size markers. D, Hydrophobicity analysis of DPR (Kyte and Doolittle, 1982) . The putative signal sequence (SS) (Nielsen et al., 1997) and the transmembrane domain (TMD) (Kyte and Doolittle, 1982) are indicated. E, Schematic of the domain organization of DPR. SS, N-terminal signal sequence; Ig-I and Ig-II, the two Ig domains; TMD, transmembrane domain.
part of the second type III fibronectin repeat fragments are predicted to be eliminated by cleavage of the putative signal sequence. The ϳ75 amino acid C-terminal domain, which is predicted to be intracellular, does not share significant homology with other proteins in the databanks.
Expression of the DPR protein
To identify the DPR protein on Western blots and confirm the spatial localization pattern predicted by the lacZ and GFP expression patterns, we raised polyclonal antisera to a glutathione S-transferase-DPR fusion protein containing DPR amino acids 52-367 (see Materials and Methods). Extracts were prepared from wild-type fly heads, fractionated by SDS-PAGE, and probed with the anti-DPR antibodies. We found that DPR migrated as a 40 kDa protein, the size predicted for the unmodified full-length protein (Fig. 5A) . DPR would be predicted to be 37 kDa after cleavage of the putative signal sequence after residue 32. However, the migration of DPR might be retarded by sugar modification because it is predicted to contain five N-linked glycosylation sites (residues 62, 119, 175, 240, and 269) .
Expression of the 40 kDa DPR protein was dramatically decreased but not eliminated in dpr 1 flies (Fig. 5A) . Therefore, to obtain a dpr allele that did not express any 40 kDa protein, we attempted to delete a portion of the protein coding region by imprecise excision of the P-element present in dpr 1 flies (see Materials and Methods). One excision allele, which lacked ϳ0.2 kb of genomic DNA flanking the 3Ј end of the inserted P-element (dpr 1e5 ), did not express a detectable level of the 40 kDa DPR protein (Fig. 5A) .
To examine the spatial distribution of the DPR protein, we stained dissected thoracic ganglia and adult head sections with the anti-DPR antibodies (Fig. 5B--D) . To identify neurons, the tissue was also stained with antibodies to the pan-neuronal marker ELAV. In the lateral thoracic ganglion region, in which the wing chemosensory neurons synapse, DPR appeared to localize to the cell bodies of a subset of neurons (Fig. 5C) . DPR was also detected in the bundle of the wing nerve (Fig. 5C) . It was not possible to assess the localization of DPR in the peripheral chemoreceptors because these neurons failed to stain with antibodies to either the pan-neural marker ELAV or to DPR.
In the adult head, the most prominent anti-DPR staining was in neuronal cell bodies in the laminar and medullar regions of the optic lobes. Moreover, the staining appeared to be in the plasma membrane, as might be expected given that DPR contains a putative signal sequence and a transmembrane domain. DPR was also expressed in the neuropilar portions of the optic lobes containing axons and synapses (Fig. 5D) .
A family of DPR-related proteins
A scan of the Drosophila sequence databank (BDGP) with DPR revealed 19 independent sequences with significant similarity to both Ig domains of DPR (DPR2-19) (Fig. 6) . None of these sequences corresponded to genes or proteins that have been characterized previously. The percentage of identities between the original family member, DPR1, and the related sequences, DPR2-20, were 30 -52% and encompassed nearly the entire extracellular domain. The region of similarity initiated 22 residues after the putative cleavage site and continued to within 19 residues of the predicted transmembrane domain. In several sequences, the homology extended nearly to the transmembrane domain (DRR4, DRP5, DPR14, and DPR18). In most cases, cDNA sequences were either unavailable or were incomplete, and the amino acid sequences were deduced from the genomic DNA. However, a complete cDNA sequence was available for DPR5. This putative protein had several features similar to DPR1. These included two Ig domains, a predicted N-terminal cleavage site, and a single membrane-spanning domain. DPR5 contained a short predicted intracellular domain of 13 residues; however, it did not bear sequence similarity to DPR1.
Members of the dpr1 family that were most related tended to be clustered at similar chromosomal map positions. The three most salient examples were the pairs: dpr4/dpr5, dpr6/dpr10, and dpr15/ dpr17 (Fig. 7 A, B) . In addition, dpr11 and dpr16, which flanked dpr15 and dpr17 in the dendrogram, formed a looser cluster with this latter pair (Fig. 7 A, B) . Other dpr genes that fell on the same or adjacent branches of the phylogenetic tree, but were not clustered, typically mapped to the same chromosome. These included dpr1/dpr2/dpr3 and dpr12/dpr13/dpr19. The sequences of some of the putative DPR-related proteins, corresponding to portions of DPR1 residues 55-84, were not available and are indicated. Other sequences unavailable for DPR7, DPR11, DPR13, DPR14, and DPR19 are indicated by X symbols; however, the exact number of missing residues is not known. Gaps in some DPR proteins, relative to others, are represented by dashes. The double asterisks in the DPR15 and DPR20 represent possible insertions of 160 and 10 residues, respectively, not included in this alignment. The predicted cleavage site (after residue 32 in DPR) after the putative signal sequence (Nielsen et al., 1997 ) is indicated by the triangle. The predicted transmembrane domain (TMD) (amino acids 276 -293) is boxed. The numbers above the sequences show the running tally of amino acids in DPR1. The GenBank accession number for the DPR1 sequence is AF489698.
DISCUSSION
dpr, a locus required for the gustatory response to salt
One of the salient features of the dpr mutation is that it specifically affects the salt aversion response and not the sugar response. Another mutation, Lot-94, which also affects salt aversion but not the sugar response, has been identified on the X chromosome; however, the locus has not been characterized at the molecular level (Falk and Atidia, 1975) . Because the proportion of dpr flies that extended their probosces in response to sucrose was similar to wild type, it appears that there was a defect in the salt suppression rather than a general effect on proboscis extension. dpr was strongly expressed in the labelum and in two of the five neurons at the base of each taste bristle, consistent with electrophysiological observations that two sensory neurons are activated by salt stimulation (Fujishiro et al., 1984) . Given the specific defect in the salt aversion response, those neurons that express dpr are likely to be the salt-activated neurons. Thus, dpr may provide a marker for the salt-responsive neurons in gustatory sensilla.
DPR is an Ig domain protein functioning in sensory physiology
Amino acid sequence analyses indicated that dpr encoded a protein with two Ig repeats and a single transmembrane domain. Ig domains, which were originally identified among proteins involved in the immune response, are also present in a variety of proteins functioning in cell surface recognition in the nervous system (Williams and Barclay, 1988) . Proteins containing Ig domains, many of which have been found in Drosophila, are classified into three groups: (1) transmembrane receptors, (2) secreted or membrane-bound ligands, and (3) cell adhesion molecules. Typical transmembrane receptors contain an enzymatic catalytic domain in the cytoplasmic region. Examples include the Drosophila FGF-receptor (breathless), which is linked to a tyrosine protein kinase domain (Klämbt et al., 1992; Shishido et al., 1993) , and Ptp69D, which contains a tyrosine-specific phosphatase domain (Garrity et al., 1999) .
DPR may not be a transmembrane receptor because the cytoplasmic domain is relatively short (75 amino acids) and is devoid of any known functional motif. Furthermore, the requirement for DPR in the salt-responsive neurons for suppression of the sugarinduced PER would not seem to be consistent with DPR functioning as a receptor, especially because salt stimuli interact directly with ion channels. Thus, it is plausible that DPR is a membrane bound cell adhesion molecule. An alternative function for DPR is that it may function as a ligand. Such a role has been demonstrated for a number of membrane-bound Ig-containing proteins (for review, see Yu and Kolodkin, 1999 ).
An important question concerns the mechanism through which the putative DPR ligand might lead to suppression of the sugar response. One possibility is that DPR is expressed in the saltresponsive neurons and associates with a receptor in axons of sugar-stimulated neurons. In response to high concentrations of salt, there may be suppression of synaptic activity in the circuit that is stimulated by the sugar receptors. It is less likely that DPR participates in cell fate determination because we did not observe any morphological abnormality in the nervous system in the dpr adults. Furthermore, the same cells appeared to express the dpr-GFP reporter in dpr heterozygotes and homozygotes.
DPR defines a subfamily of >20 Ig-containing proteins
DPR is the founding member of a previously uncharacterized subfamily of Ig-containing proteins in Drosophila [DPR-Ig family (DIG)]. The DIG group may be larger than the 20 currently identified members because there are no DPR1 expressed sequence tags characterized by the BDGP, and conceptual translation of the Drosophila genomic sequences identified only a 31 amino acid fragment of DPR. DPR was nearly missed by the sequence analysis algorithm (GeneScan), possibly as a consequence of the relatively large introns and small exons that comprise the dpr gene. Therefore, it is plausible that only small portions of other DPR-related proteins may be available. Consistent with this possibility, we found that DPR shares extensive homology to several additional Drosophila proteins that are predicted to be very short.
Finally, it will be of interest to ascertain whether any of the other DIG proteins participate in sensory physiology and whether they share partially redundant functions with DPR. Such a possibility may account for the observation that DPR is also expressed in the visual system; however, the visual response in dpr flies was indistinguishable from that of wild type (our unpublished observations). 
